Multiwavelength detection of laser induced fluorescence for dideoxynucleotide DNA sequencing with four different fluorophores and separation by capillary gel electrophoresis is described. A cryogenlcally cooled, low readout noise, 2-dimensional charge-coupled device is used as a detector for the online, on-column recording of emission spectra. The detection system has no moving parts and provides wavelength selectivity on a single detector device. The detection limit of fluorescently labeled oligonucleotldes meets the high sensitivity requirements for capillary DNA sequencing largely due to the efficient operation of the CCD detector with a 94% duty cycle. Using the condition number as a selectivity criterion, multiwavelength detection provides better analytical selectivity than detection with four bandpass filters. Monte Carlo studies and analytical estimates show that base assignment errors are reduced with peak identification based on entire emission spectra. Highspeed separation of sequencing samples and the treatment of the 2-dimensional electropherogram data is presented. Comparing the DNA sequence of a sample separated by slab gel electrophoresis with sequence from capillary gel electrophoresis and multiwavelength detection we find no significant difference In the amount of error attributable to the instrumentation.
INTRODUCTION
The development of laser induced fluorescence detection for DNA sequencing has been a major step towards the automation of DNA sequence analysis [l -5] . In one approach to fluorescent dideoxynucleotide DNA sequencing^,5] four different fluorophores are used to label each of the four sequencing reactions. The dye labels are characterized by different emission spectra. In combination with wavelength selective fluorescence detection the DNA fragments of the four sequencing reactions can be pooled, separated, and detected on a single electrophoretic lane instead of the four lanes of a DNA sequencing slab gel required with an unselective label.
Fused silica capillaries filled with polyacrylamide gel were introduced as separation media for single stranded DNA by B.Karger [6] in 1988, and have proven to be a viable alternative format to slab gel electrophoresis for DNA sequencing, offering high speed, improved electrophoretic separation, improved sensitivity of the fluorescence detection and a potential for automation when compared to slab gel separation [7 -12] . Highspeed separation and simultaneous fluorescence detection of the four different dye labels for DNA sequencing with capillary electrophoresis using photomultiplier (PMT) detectors has been described [9, 12] . H.Swerdlow and N.Dovichi have investigated two different sets of fluorophores and the benefits of a sheath flow detector cell for fluorescent DNA sequencing [12] .
In all the published fluorescent detection systems for slab and capillary gel sequencing, wavelength selectivity is obtained by positioning bandpass filters in front of a PMT detector. The identification of the electrophoretic bands is based on a four component analysis of the fluorescence intensity measurements recorded through four different bandpass filters [5] or on simpler pattern recognition [4] . The number, position, and bandwidth of the filters determine the sensitivity and selectivity of the detector and subsequent analysis. By using a multiwavelength detector that records spectra over the entire emission range of the fluorescent labels an increase in the precision of the band identification can be expected.
The advantages of photometric array detectors for the oncolumn detection of analytes in liquid chromatography and electrophoresis is based on their ability to provide wavelength information on the analyte, which is not available with a single sensor. Wavelength information is an integral part of fluorescent DNA sequencing with different fluorophores, since electrophoretic bands are identified according to their spectral characteristics. Photodiode arrays(PDA) [13] and intensified photodiode arrays(IPDA) [14] as well as cryogenically cooled, low readout noise, charge-coupled device (CCD) cameras [15, 16] have been used for on-line, on-column multiwavelength fluorescence detection for liquid chromatography and capillary electrophoresis. The best sensitivities so far have been reported by Zare et al. [16] using a 2-dimensional CCD array to detect fluorescent labels similar to the ones used in fluorescent DNA sequencing. Cryogenically cooled 2-dimensional CCD cameras are integrating solid-state photometric detectors characterized by low readout noise, a linear response over a wide dynamic range, and high quantum efficiency. An introduction to the use of CCD's in spectroscopy and some applications can be found elsewhere [17] [18] [19] [20] [21] .
Like in the PMT based sequencing systems, fluorescence excitation for the multiwavelength sequencing detection is best done by focussing a laser beam onto the inner bore of the capillary. This provides the optimal 90° geometry between fluorescence excitation and emission optics and a very small detector cell volume in the 10-100 pico liter range defined by the diameter of the focused beam. A small detector cell volume is essential for high resolution electrophoresis. The choice of a CCD over the less sensitive photodiode array detectors is based on the high sensitivity requirements for DNA sequencing. Average capillary sequencing bands can be estimated to contain only l-10*10-|8 mole of fluorophore (6-60*10 5 molecules) [8] . The CCD based system described in this study meets all the requirements in terms of electrophoretic resolution, sensitivity, selectivity, and data acquisition rate to be functional in a capillary gel DNA sequencing apparatus. enzyme grade urea (Schwarz/Mann) and spectroscopy grade water (Baxter) to 4ml total volume. This solution is filtered through a 0.22/*m poresize syringe filter (Nalgen) and sonicated for 30min under vacuum. Polymerization is started by adding 2/tl of TEMED (BioRad) and 10/il of a 10% ammonium persulfate (Sigma) solution. The capillary is filled with solution and left to polymerize overnight. More than 90% of the capillary gels produced are free of bubbles, a large fraction of these are functional for DNA separation.
MATERIALS AND METHODS

Separation and detection system
Electrophoresis is done at ambient temperature, using TBEbuffer in both electrode chambers and thin Pt-wires as electrodes. Before sample injection voltage is applied to the capillary for approximately 1 hour until the current is constant with time. For injection, 1/d of the DNA sequencing sample is placed at the bottom of a microtiter well, heat denatured at 90°C for 2 minutes and cooled on ice. Electrophoretic injection of the sample is carried out for 10-15s at the same voltage applied during separation. During capillary operation the laboratory environment is shielded from the high voltage end of the capillary by a plexiglass housing with safety interlock.
RESULTS AND DISCUSSION
Sensitivity of the CCD detection
The main objective in the CCD detection is to obtain well resolved and thus selective emission spectra of the dye labeled DNA fragments in realtime while maintaining the high sensitivity seen with PMT detection. Efficient operation of the CCD array is essential to attain this objective.
The TH7882 array has 384x576 pixels, each of which is 23x23/tm 2 in size. For electrophoresis on-column detection the direction of spectral dispersion is set to the direction of the serial register along the shorter edge of the 2-dimensional CCD. In this orientation the 'charge trapping' that occurs with the TH7882 array at the interface of the serial and parallel registers has no distorting effect on the shape of the emission spectra [22] . Furthermore the 29ms readout time in this orientation is much shorter than if spectra were recorded perpendicular to the serial register. The readout time is the time required for the transfer of charge created in the illuminated area of the CCD during the integration and for the A/D conversion into 14 bit values [21] . The relevant clock speeds governing the process are the transfer times in the serial arid parallel registers T s =2fis and T p = 8.16/ts and the time for one A/D conversion, which is T d =20/ts for the 50kHz A/D conversion rate used.
Another aspect of the generation of spectra on a 2-dimensional CCD is the ability to combine the charge created in a number of adjacent pixels. Binning results in data reduction, improved readout speed, and reduction of readout noise. The way in which charge binning occurs during the readout process is software controlled. For the purpose of multiwavelength detection binning will define a target area in the shape of a linear array on the CCD area and a subdivision of that area in the direction of dispersion to match the data point density of the spectra with the spectral resolution of the spectrograph. The length of the TH7882 array in the direction of the serial register is 8.8mm, covering a wavelength range of 160nm in the focal plane of the spectrometer. For electrophoresis detection the binning is set to B s =4 in the direction of the serial register and B p =60 in the parallel orientation. This results in a linear array with a 92 X 1380/un 2 target area, each of the 96 detector elements covering a wavelength range of 1.6nm.
Comparing the sensitivity of PMT based systems with the CCD detection, two advantages of the CCD detection can be found.
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The TH7882 CCD offers a quantum yield increasing from 24% to 38% in the 5OO-6OOnm range, while the quantum yield of PMT's used in high sensitivity applications is about 15% [23] . In order to record the emission at four different frequencies the PMT based system designed by L.Smith et al. [9] uses 50/50 beamsplitters to divide the emission onto four PMT's, resulting in a 75% reduction of the signal. Another approach [12] to four color detection is the use of a rotating filterwheel equipped with four emission filters in front of a single PMT, which results in at least 75 % reduction of the data rate. The sensitivity advantages of the CCD detector over PMT detectors are counteracted by the additional optical elements, four mirrors (not shown in Fig. 1 ) and the reflection grating of the spectrometer, and the duty cycle of the detector. The efficiency of the ruled grating used in the experiment is 70-75% in the range of the emission of the fluorescent DNA sequencing labels and the efficiency of the four mirrors can be estimated to be 0.94 4 = 78%. The duty cycle of the detector during electrophoresis with a 500ms integration time is 94%. This results in a 49% reduction of the light intensity due to the CCD readout time and the additional elements not required in a non-dispersive, single sensor detection.
The sensitivity of detection is determined by injecting (60s, 160V/cm) a 400*10-' 2 M solution of Joe-A oligonucleotide primer in TBE buffer into a 4%T/5%C polyacrylamide-filled capillary and detecting with 20mW, 488nm excitation and the OG515 emission filter. Conditions such as electric field strength, gel concentration and excitation power are the same as for sequencing samples, in order to obtain comparable background emission and migration velocity of the fluorescent molecules. Background emission decreases the signal-to-noise ratio (S/N) by increasing photon shot noise. Migration velocity determines the time of transit of a molecule through the detector cell given by the « 30/im diameter of the focused laser beam. The exposure time to excitation light determines the number of photons emitted by a fluorescent molecule and affects the S/N ratio in a non-linear fashion [24] . The spectra obtained have a S/N= 13.5. The limit of detection (S/N=2) is 26*10-|2 M for a lOnm digital bandpass filter centered at 56Onm, which is equivalent to the interference filter used in the PMT based detection of this dye. L.Smith et aJ. [8] found S/N=2 for the injection of a 10*10~1 2 M solution of Joe-A primer into an open tube capillary. Fluorescence detection in free solution will however lead to better results than detection in a gel matrix because of the increase in background emission and thus noise. B.Karger et al. [10] report a S/N>5 using PMT detection after injecting a 150*10~1 2 M solution of Joe-A primer into a gel-filled capillary. The sensitivity of the CCD detector is therefore comparable to the PMT based systems.
Selectivity of the CCD Detection
The emission spectra of the dye labeled sequencing primers shown in Fig. 2 result from 4*10~9M solutions injected onto a gel-filled capillary and detected using 488nm excitation and OG515 emission filter. The spectral resolution is 0.94a for the Fam-C/Joe-A pair, 0.96a for Joe-A/Tamra-G and 1.61a for Tamra-G/Rox-T. The bandpass filters indicate the positions and lOnm bandwidths of interference filters used in the PMT based detection schemes. As with the four sensor detection, the matrix K of the standard spectral responses shown in Fig. 2 is necessary for processing the raw data by linear regression given in matrix form by Eq. 1. This involves solving for the 4 x 1 vector c for every measured spectrum y of the electropherogram, the length of K and y being the number of sensors. The ability to identify electrophoretic bands will depend on the precision to which c can be calculated.
Kc = y
(1) In a comparative study, M. Otto and W. Wegscheider [25] found the condition number (i.e. the ratio of the largest singular value of K to the smallest) to be the most valid indicator for the selectivity of a multicomponent system as described by Eq. 1. The most selective system, represented by K being a unity matrix, will have the smallest condition number 1. Less selective systems will be characterized by higher condition numbers. For the complete 96x4 spectral matrix K shown in Fig. 2 we find cond(K)=6.84, while the condition number of the 28x4 matrix consisting of the sensors in the bandpass regions is 7.81 indicating a less selective system. The condition number of the 4x4 matrix K with the averaged bandpass responses is 8.35. The averaged 4x4 matrix can be considered a model for PMT based detection. Using the condition number as a criterion, the multiwavelength detection provides increased selectivity for the identification of electrophoretic bands.
To illustrate the differences in the selectivity of the three matrix models, a Monte Carlo study is done by performing linear discriminant analysis using the spectra for base identification. Computer simulation starts by adding normal distributed noise to a learning and a test data set containing 1000 of each of the pure component spectra of the four dyes shown in Fig. 2 . The learning data set is used to establish the noise characteristics of the four different classes for a given set of sensors. The decision boundaries are established from the pure component spectra. Afterwards the boundaries and noise characteristics are used to classify the spectra in the test data set. A 4 x4 classification table is obtained from a test data set, stating the number of correct and false assignments. In addition to the Monte Carlo study, the probability of a false assignment is calculated from the overlap of the probability density distributions.
To determine the influence of the number of sensors and the effect of averaging over the bandpass region, the learning and test data set is evaluated using the three different K models: 96 sensors over the entire emission range (160nm), a subset of 28 sensors in the four lOnm bandpass regions and 4 sensors averaging these bandpass regions. The S/N of the spectra in the simulation was chosen to be 2, corresponding to a S/N=5.2 of the averaged bandpass filters for C-Fam, A-Joe and T-Rox and S/N=4.7 for Tamra-G. The difference is due to the off-center position of the 58Onm bandpass filter. The results of classifying 1000 pure component spectra of each fluorophore are summarized in Table 1 . As an example for the Monte Carlo study the identification of Joe-A from 1000 noisy Joe-A spectra of the 96 sensor model led to 15 misidentifications, the sum of false assignments to any of the other three bases. In close agreement the analytical estimate predicts 1.41% false assignments for Joe-A.
Considering the errors for a given model, the relative assignment error listed in Table 1 reflects the degree of overlap of the emission spectrum and its relative position in the dye set. Especially the high spectral resolution of 1.61a for the Tamra-G/Rox-T pair results in good accuracy in the identification of these two bases. The Joe-A and Tamra-G spectra have the disadvantage of two neighboring spectra increasing the probability of false identification of these bases, which is also reflected by the data in Table 1 . Comparing the different models we see that there is a significant amount of base calling accuracy to be gained from measurements over the entire emission range and that there is only minor difference in accuracy between the two bandpass models. This proves that additional information is provided by Nucleic Acids Research, Vol. 19, No. 18 4959 by the multiwavelength detection. For bands with a better S/N ratio the identification accuracy is increased and the difference between the multiwavelength and the bandpass models is smaller.
DNA sequencing with multiwavelength detection
Samples of fluorescent DNA sequencing reactions using single stranded M13mpl9 template DNA are prepared and separated as described under Materials and Methods. Fluorescent primer chemistry was preferred to the alternative fluorescent dideoxyterminator chemistry because the template DNA poses no particular sequencing difficulty and the use of labeled primers has the practical advantage of not having to purify the sequencing products from a large excess of unincorporated label. The nominal concentration of the M13 template DNA in the loading solution (40/ig/12/il) is 10-times higher than the concentration of a loading solution prepared according to the ABI User Bulletin( 1/3/90) for sequencing with the fluorescent labeled primers and Sequenase 2.0 enzyme (2/tg/6/tl). The amount of sample that is transferred onto the capillary gel by electrophoretic injection is in the lnl range but is difficult to determine precisely. 3-5 separations of sequencing samples can be achieved on one capillary gel. The end of the gel lifetime is indicated by the occurrence of bubbles too far inside the capillary to be removed by cutting its end. Because of differences in the excitation spectra and photodecomposition rates of the four fluorophores, there is no common optimum detection S/N ratio with respect to excitation wavelength and laser power. 20mW of 488nm or 515nm excitation are used with comparable success for sequencing samples.
The electropherogram raw data consists of the n X m matrix Y, where n=96 stands for the number of frequency values of one emission spectrum and m stands for the number of data points of the electropherogram, typically 14400 for a 120min separation. Y is passed through three data processing steps before interpretation. First a spectrum of the emission background is determined by averaging several hundred consecutive baseline spectra of the sequencing run and subtracted from each recorded spectrum. The background emission is mainly due to Raman scatter of water molecules and to a minor extent to fluorescent impurities. Fig. 3 displays a fraction of background subtracted fluorescence spectra collected during a 50s time period of the separation of the M13mpl9 sample. The separation conditions are 4%T/5%C polyacrylamide gel, E=190V/cm, L=42cm, l = 35cm, and 20mW 515nm excitation is used. The spectra of the different fluorophores appearing in the bands and the cutoff of the 525REFLP emission filter can be recognized. Notice the comigration of the bands C169 and T170 due to the effect of the different labels on the electrophoretic mobility. Especially for the case of bands not separable by electrophoresis the selectivity advantages of the multiwavelength detection will improve the results of the multicomponent analysis.
After background subtraction ordinary least squares regression of the electropherogram matrix Y is done using the standard spectra in the 96x4 response matrix K to calculate the four concentration equivalents for every point in time C as given by eq. 2.
KC = Y (2)
Analyzed data is shown in Fig. 4 . The migration time of the 18-mer primers (not shown) is 24min, the 350-mer fragment appears 62min after injection. Some typical resolutions 't of the electrophoretic bands are T74/T75: 2.21, T99/T100: 1.77, T115/T116: 1.57, T209/T210: 1.18, T259/T260: 1.18. The electrophoretic resolution decreases with fragment length, such that the determination of the bandwidth 2cr, in the multiplets of the fragments > 300 nucleotides would require computer deconvolution of the bands. Interpretable data is obtained from this separation up to a fragment length of 350 nucleotides. The final step in data processing consists in the correction for differences in electrophoretic mobility due to the chemically different dye labels. The mobility shifts are dependent on the nucleotide number. Over a small fragment range (70 nucleotides) however, the mobility shifts and the band spacing are considered to be constant such that different shift corrections are applied to different time sections of the electropherogram. The rows of C for the rhodamine derived labels Rox-T and Tamra-G were shifted towards longer migration times by a number of time points corresponding to 75%-150%, depending on the time section, of the average band spacing.
Compensation for the mobility shifts is a very important data processing step because the band resolution between fragments labeled with different dyes is created and undone in this step. Three out of four band-to-band spacings in the final electropherogram are determined by this procedure. Also for this reason, resolution as a figure of merit for the electrophoretic separation of DNA sequencing fragments can only be derived from adjacent bands labeled with the same fluorescent dye. After correction for mobility shifts the four rows of C are superimposed on a color plot, which serves as basis for the interpretation of the capillary electropherogram by a human reader. The three major computational tasks and typical data processing times required to convert the raw data of a 2h separation into analyzed data are: loading 96x 14400 Y into computer memory (13min), background subtraction (5.5min), calculation of 4x14400 C (5.5min).
Influence of the separation format and detection on the sequence accuracy The M13mpl9 sequencing reaction was separated by slab gel electrophoresis in order to compare the performance of the two methods. The sample applied to the slab gel was 4.5/J of a 10-fold dilution of the sequencing reaction prepared as described. Separation conditions on the ABI Model 373A instrument were 6%T/5%C polyacrylamide gel, E = 35 V/cm, 1=25 cm, L=40 cm, T=40-50°C. The raw data obtained from the ABI sequencer is evaluated by the ABI software version 1.0.1 and interpretation mistakes that are recoverable by a human reader are corrected. Fig. 5 shows corresponding regions of electropherograms obtained with the two methods. A major difference is seen in the rate at which sequencing bands pass the detector. The corresponding values are one nucleotide per 7s for the capillary and one nucleotide per 69s for the slab gel. The 10-fold increase in separation speed is due to the lower gel concentration and the higher electric field applied in the capillary separation. Besides increasing the fragment mobility, lowering the polyacrylamide concentration reduces the fluorescence background of the gel and thereby improves S/N. While the standard slab gel format is not compatible with an electric field higher than about 50V/cm [2] , thin slab gels (< = 100/im) can be operated at higher fields thereby increasing the separation speed.
Since the analyzed data shown in Fig.5 is a product of the different formats, detectors, and data processing algorithms, no assertions as to differences due to any one of these factors alone can be made. For example the better resolution seen with the capillary data(see T316-T320 and T322-T325 multiplets) and the large low frequency noise seen with the slab data( see G-peaks in the region of the T multiplets) are more likely due to the data processing by the ABI software than to the different electrophoretic formats.
To evaluate the effect of the instrumentation on sequencing accuracy, the sequences obtained from slab gel and capillary gel separation of the same sample are compared to the known vector sequence in the range of 60 to 350 nucleotides. The results of this analysis are summarized in Table 2 .. The total number of errors in that range is 9 for the slab gel and 10 for the capillary separation.
To investigate the cause of the 5 errors that appear in both results the integrity and quality of the template DNA was verified by sequencing with 32 P-labeled universal primer. The entire sequence found by conventional DNA sequencing matches the published sequence and was free of error throughout the region, even in the compression areas GCA (68-70), GGCG (76-79) and CGCGCG (275-280). The 5 common errors are thus due to the preparation of the fluorescent sequencing sample and the insufficient resolution of GC(277,278) in one of the compressions in both separations.
For the purpose of comparing the instrument performance the common errors can be ignored, which leaves 4 errors (1.4%) unique to the slab gel and 5 errors unique (1.7%) to capillary gel instrumentation. No significant difference in the amount of error attributable to the instrumentation can be found. Some of the compressions have previously been noted not to be resolved on capillary gels [9] . This is very likely due to the difference in temperature of the slab(40-50°C) and the capillary gel(ambient) during separation and should be overcome by raising the temperature of the capillary in a controlled fashion.
CONCLUSIONS
Capillary gel electrophoresis as an alternative format to slab gel electrophoresis of fluorescent DNA sequencing provides high speed, high resolution separation with a potential for automation.
Due to the small sample size capillary gel sequencing requires very high detection sensitivity in addition to wavelength selectivity. This study shows that a cryogenically cooled, low readout noise CCD detector array meets both of these requirements.
The on-line, on-column detection system demonstrated here has no moving parts, improved wavelength selectivity, and sensitivity comparable to PMT based systems. Efficient operation of the CCD detector reduces the readout time to 6% of the operation time. By covering emission in a 160nm wavelength range, the system is not dedicated to a given set of fluorophores and could therefore accommodate a different set without change of the optics. Equally, for applications other than sequencing, the use of dye sets with more than four members is possible without any change of the optics.
Especially in the case of low S/N ratio of the sequencing bands and poor spectral resolution of the fluorophores, the advantage in base identification accuracy of array detection compared to single-sensor detection is significant. The difference amounts to as much as 8% base identification error for sequencing bands with S/N=5 with single-sensor detection. The selectivity advantage of multiwavelength detection is predicted by the condition number as selectivity criterion and proven by numerical as well as analytical estimates.
High-speed sequencing separation is presented with a rate of 1 nucleotide per 7s, and the treatment of the 2-dimensional electropherogram data is discussed. To investigate the influence of the instrumentation on sequence accuracy, sequence obtained by slab and capillary gel separation of a M13mpl9 sample are compared. No significant difference is seen between the 1.7% error of the capillary and the 1.4% error of the slab gel instrumentation.
Improvements are still necessary to make some of the potential advantages of capillary electrophoresis become a reality. As has been stated before [8] a major obstacle consists in the lack of stability of the polyacrylamide-filled capillaries which strongly affects the results of sequencing separations. The development of a stable separation phase would allow much more automation of the sample delivery which is indispensable for high sample throughput at the same time reducing the amount of work in the alignment of a very sensitive on-column fluorescence detector. Automation would make capillary sequencing a cost effective alternative to the present day slab gel systems.
